Introduction: The aim of this study was to study cognitive procedural learning in early Alzheimer's disease (AD). Methods: Cognitive procedural learning was assessed using the Tower of Hanoi task. In order to take account of possible interactions between different systems during cognitive procedural learning, we also measured nonverbal intellectual functions, working memory and declarative memory. Results: Our results showed an apparent preservation of cognitive procedural learning in AD and a deleterious effect of the disease on verbal intelligence and declarative memory. Correlational analyses revealed a difference between AD patients and control participants in the type of processing they applied to the task. Conclusion: The noninvolvement of declarative memory would appear to be partly responsible for a slowdown in the cognitive procedural dynamics of AD patients. As the AD patients were unable to use their declarative memory, they were still in a problem-solving mode at the end of the learning protocol and had to implement higher-order cognitive processes (i.e., compensatory mechanisms) to perform the procedural task.
Introduction
In cognitive rehabilitation, it is vital to assess procedural learning in order to gauge patients' ability to learn new procedures. Given that, unlike declarative and working memory, perceptual-motor and perceptual-verbal procedural learning abilities may be preserved in Alzheimer's disease (AD) (see van Halteren-van Tilborg et al., 2007, for review), occupational rehabilitation based on cognitive procedural learning may be useful for some patients with AD (Bourgeois et al., 2003; Camp et al., 2004; Lekeu et al., 2002; Oriani et al., 2003; Thivierge et al., 2008) . Little, however, is known about cognitive procedural learning in AD. Most studies of procedural learning in AD have focused on the learning of perceptual-motor procedures (such as the rotor test) and found preserved learning ability and performance levels for this kind of task (Bondi & Kaszniak, 1991; Bondi et al., 1993; Deweer et al., 1994; Dick et al., 1995 Dick et al., , 1996 Dick et al., , 2000 Dick et al., , 2003 Eslinger & Damasio, 1986; Heindel et al., 1988; Heindel et al., 1989; see van Halteren-van Tilborg et al., 2007 , for a review). Research on the ability to learn perceptual-verbal procedures in AD has mainly been based on data collected using a mirror-reading task. Although researchers adopting this procedure have obtained discrepant results, these can be explained to some extent by methodological differences and/or differences in disease severity Deweer et al., 1993; Deweer et al., 1994; Grober et al., 1992; Merbah et al., 2010) . A handful of studies have investigated cognitive procedural learning in AD using jigsaw puzzles (Grafman et al., 1990; Hirono et al., 1996; Poe & Seifert, 1997 ), but they have yielded conflicting results. While Grafman et al. reported impairment of the patients' ability to improve their performances or even complete the task, Hirono et al. (1996) and Poe and Seifert (1997) suggested that cognitive procedural learning is preserved. As before, these divergent findings can be explained partly by differences in the jigsaw-learning tasks, which varied in complexity and number of trials, and partly by differences in the severity of the dementia.
Above and beyond these discrepancies, which make it difficult to compare findings, none of the above-mentioned studies of procedural learning in AD considered the nonprocedural cognitive functions involved in the encoding and retrieval of information in procedural memory. And yet, research carried out in the fields of neuropsychology (Baddeley & Wilson, 1994; Pitel et al., 2007; Schmidtke et al., 1996 Schmidtke et al., , 2002 Winter et al., 2001; Xu & Corkin, 2001) , neuroimaging (Hubert et al., 2007 ) and experimental psychology (Ackerman, 1988; Anderson, 1987; Beaunieux et al., 2006 Beaunieux et al., , 2009 Wotz, 1988) has shown that cognitive procedural learning relies on nonprocedural functions (Eustache & Desgranges, 2008 ) that can be considered through the cognitive determinants of cognitive procedural levels (i.e., the cognitive functions required to perform the procedural task at a certain point in the learning process; Ackerman, 1988; Beaunieux et al., 2006 Beaunieux et al., , 2009 Pitel et al., 2007; Schmidtke et al., 1996 Schmidtke et al., , 2002 Woltz, 1988) .
The contribution of cognitive functions to procedural performances has been theorized in the ACT model (Adaptive Control of Thoughts; Anderson, 1987) . According to this model, cognitive procedural learning occurs in three qualitatively different phases (cognitive, associative and autonomous) and involves different types of processing. Performing a new cognitive procedural task requires processes which are highly controlled in the initial, cognitive phase, and more automatic ones in the last, autonomous, phase. The associative phase is regarded as a transitional phase between the first and last ones. Ackerman (1988) showed that during the cognitive phase, performance levels are associated with general intelligence, while in the autonomous phase individual differences in performance are mainly determined by psychomotor functions. Alongside these two functions (intelligence and psychomotor functions), Woltz (1988) has demonstrated that working memory is also a major cognitive determinant of individual differences in the first phase. Drawing on Anderson's (1987) and Ackerman's (1988) theoretical conceptions, we confirmed the existence of three qualitatively different learning phases (cognitive, associative and autonomous) in healthy young participants using the Tower of Toronto (TT) task (Beaunieux et al., 2006) . We also identified specific cognitive determinants of procedural performance levels for both the cognitive phase (intellectual abilities, working and declarative memory) and the autonomous phase (psychomotor abilities). In a more recent study, we found that older participants, unlike their younger counterparts, did not spontaneously invoke declarative memory and displayed a slowdown in cognitive procedural learning, as well as delayed involvement of working memory in this learning process ). These results are in accordance with Baddeley and Wilson (1994) , Winter et al. (2001) , and Xu and Corkin (2001) , who have all underlined the major contribution of declarative memory to procedural learning. These authors suggest that declarative memory of previous learning episodes can be called upon to eliminate errors on subsequent trials. Thus, declarative memory plays a role in improving procedural performance throughout the learning process. Given the well-established effect of AD on declarative memory, we can reasonably assume the dynamics of cognitive procedural learning to be disturbed in these patients and the appearance of preserved cognitive procedural learning in AD (Dick et al., 1995 (Dick et al., , 1996 (Dick et al., , 2000 (Dick et al., , 2003 Hirono et al., 1996) to be just that-mere appearance. We would expect patients with early AD to be forced by their declarative memory deficits to implement different learning strategies (i.e., compensatory mechanisms) from those implemented by controls.
The aim of this study was to investigate cognitive procedural learning in a group of patients suffering from early AD and a group of older control participants by means of a cognitive procedural test, the Tower of Hanoi (TH). We focused our study on the first two phases of cognitive procedural learning (cognitive and associative phases) because they involve working memory, declarative memory and intelligence.
Method

Participants and selection procedure
Eighteen AD patients with mild to moderate dementia and 18 controls were examined.
The patients, all right-handed, suffered from probable AD according to the criteria established by McKhann et Al. (1984) . All the patients underwent a neurological examination, standard blood tests, an electroencephalogram (EEG), and a standard neuropsychological assessment to ensure that none of them had an oral comprehension impairment. CT scans and MRI revealed no anomaly other than diffuse cerebral atrophy. The patients had no previous neurological or psychiatric history. The control participants were matched with the patients on age and education level (cf. Table 1 ).
Insert Table 1
All participants gave their consent to the study after detailed information was provided both to them and to their caregivers, and the study was conducted in line with the Declaration of Helsinki. All the patients were competent to give informed consent and did so.
General procedure
Our protocol comprised a cognitive procedural learning task (TH) and a set of complementary cognitive tests. The whole of the experimental protocol represented three hours of examinations for healthy controls and five hours for patients, spread over two days.
Cognitive procedural task: Tower of Hanoi (TH) task.
The Tower of Hanoi is more straightforward than its isomorphic variant the Tower of Toronto (Beaunieux et al., 2006 . The material of the TH task was composed of a wooden block with 3 vertical pegs of equal height. Four wooden disks of decreasing diameter were stacked on the left-hand peg. The task consisted in rebuilding the pyramid of 4 disks on the right-hand peg while obeying two rules: never place a larger disk on top of a smaller one and only move one disk at a time. The rules were read out to participants and explained through examples of authorized and unauthorized moves. Before each procedural learning session, we made sure that the oral instructions were fully understood. Participants were corrected online whenever they violated a rule. Each time they completed a trial, they were congratulated on their good performance. The minimum number of moves to solve the 4-disk TH task is 15.
Learning the cognitive procedure took place over three sessions: Sessions 1 and 2 were separated by a retention period of two hours, while Sessions 2 and 3 took place 20 hours apart, including a period of sleep. Each learning session comprised five consecutive trials, meaning that participants could carry out the TH task a total of 15 times. The participants' performances on the TH task were assessed in terms of time and the number of moves needed to complete it.
Complementary tests
Intellectual abilities were measured by the Verbal IQ score of the Wechsler Adult
Intelligence Scale (WAIS-R; Wechsler, 1989; Cargnello & Gurekas, 1988) .
2.2.2.
2. Working memory was tested by means of two tasks. The phonological loop was assessed on a task involving the serial repetition of a series of digits (digit span) taken from the WAIS-R. The visuospatial sketchpad was assessed on the reproduction of spatial sequences (visuospatial span), in a task taken from Signoret's BEM-144 (Signoret, 1991) . Delis et al., 1991; Deweer et al., 1994) . Six scores were obtained: a learning score, two immediate recall scores (free and cued recall), two delayed recall scores (free and cued recall) and a recognition score.
Declarative memory was assessed using the California Verbal Learning Test (CVLT;
Statistical analysis
Statistical analyses were conducted in three steps.
Assessment of cognitive procedural learning
Performances on the TT task were assessed by means of two variables: the number of moves and the time (in seconds) taken to complete each trial. We aggregated the data for each five-trial session, which yielded a more stable estimate of performance for each group and limited the number of correlations that subsequently had to be calculated. A multivariate analysis of variance (MANOVA) was carried out, with performance on the three sessions as the repeated measure and group as a between-participants factor. Complementary analyses on each session were conducted by mean of t-tests.
Effect of AD on complementary cognitive tasks
Unpaired Student's t-tests were carried out in order to compare the two groups' scores on the complementary cognitive tasks. For verbal intelligence and working memory, raw scores were used, while for declarative memory all the declarative raw scores were converted into standard units (z-scores) and averaged into a single composite score.
Cognitive procedural learning dynamics
In order to study the cognitive procedural learning dynamics, Pearson correlation coefficients were computed within each group to examine the relationship between procedural learning levels (total time per session) and cognitive determinants of levels of performance for the cognitive phase (verbal intellectual abilities, declarative memory and working memory; see Introduction). Finally, within the context of the correlation results, multiple regressions were performed to assess the contribution of selected variables to procedural learning scores, in order to identify the best predictor for each learning session in each group. We compared the β coefficients of the two groups to estimate whether patients invoked the same learning strategies as controls.
We chose not to consider the number of moves for the correlations and regressions, as it was not sufficiently sensitive. This variable loses its variability as soon as the participants have found the solution to the problem and thus does not reflect the automation of the cognitive procedure. A probability level of 0.05 was adopted for all the analyses. Bonferroni corrections for multiple comparisons were applied.
Results
Assessment of cognitive procedural learning
Regarding the time taken to solve the TH task, the MANOVA showed a significant group effect, F(1, 34) = 207.7; p < .0001 and a significant session repetition effect, F(2, 68) = 41.24; p < .0001, but no significant interaction between the two, F(2, 68) = 2.5; p < .09 (Fig.   1A ). T-tests conducted for each session showed that there was a significant difference between the two groups on all three sessions (Session 1: t(34) = 4.38, p <.0001; Session 2: t(34) = 3.5, p <.001 and Session 3: t(34) = 3.6, p < .0001).
Insert Figure 1
In terms of the number of moves, the MANOVA revealed no effect of group, F(1, 34) = 0.51; p = 0.47, a significant session repetition effect, F(2, 68) = 6.67; p = 0.002, and no interaction between the two, F(2, 68) = 1.37; p = 0.26 (Fig. 1B) . T-tests conducted for each session showed no significant difference between the two groups on the first two sessions (Session 1: t(34) = 0.35, p = .72; Session 2: t(34) = 0.01, p =.99), but a difference approaching significance for the last session (Session 3: t(34) = 1.7, p = 0.09).
Effect of AD on complementary cognitive tasks
Unpaired Student's t-tests carried out on performances on the complementary cognitive tasks showed an overall impairment in the AD group. Patients' scores were significantly lower for the tests measuring verbal intelligence and declarative memory (Table   2 ). Differences in working memory scores did not reach significance.
Insert Table 2
Cognitive procedural learning dynamics
The dynamics of cognitive procedural learning was examined by analyzing the correlations in each group and for each session between the time taken to solve the TH task and verbal intelligence, working memory and declarative memory scores, each taken separately. Table 3 shows the correlations observed in each group. The pattern of significant correlations differed according to the group. In the control group, significant correlations were only found for the first session, where procedural performance levels were significantly correlated with verbal intelligence and declarative memory. Regression analyses showed that the sole predictor of procedural learning performance was declarative memory, accounting for 38% of the variance in Session 1 (Table 4 ). In the AD group, correlations with verbal intelligence and the phonological loop were significant for the first session (Table 3) . For the two last sessions, only correlations with verbal intelligence were significant. Declarative memory was never significantly linked with procedural performance levels. Regression analyses showed that the best predictors of procedural results were the phonological loop in Session 1 and verbal intelligence in Sessions 2 and 3 (accounting for 32%, 29% and 28% of the variance, respectively). The slopes corresponding to the controls' predictor for Session 1 and the patients' predictor for Session 4 differed significantly (Table 4) .
Discussion
Our results showed relative preservation of cognitive procedural learning in AD, as assessed by the TH task. Although the time taken to solve the TH task and the number of moves required suggested that the patients were slower, they seemed to learn the procedure in almost the same way as the controls, as attested to by the lack of a significant interaction between group and session for the two variables. Correlational analyses revealed a difference in the dynamics of cognitive procedural learning between AD patients and controls.
Results revealed an expected deterioration in intelligence and declarative memory (Greenaway et al., 2006; Hamilton et al., 2004; Lamar et al., 2004) in the AD patients, associated with preserved short-term memory. Comparisons of working memory scores failed to reveal any significant difference. As suggested in a recent review (Huntley & Howard, 2010) , these results may reflect continuing normal function of the slave systems of working memory, which only deteriorate as the disease progresses.
The deleterious effect of AD on verbal intelligence and declarative memory seems to have an impact on cognitive procedural learning dynamics. The differences between the two groups in terms of the correlations between verbal intelligence, working memory and declarative memory on the one hand, and cognitive procedural levels on the other hand, can help us to understand the effect of AD on cognitive procedural learning dynamics. In the controls, the link between procedural performance levels and intelligence and declarative memory scores in the first session confirmed the results of our previous studies and suggested that the controls were in the cognitive phase of procedural learning at that point. The absence of any correlation in the final learning session suggests that by then, they had graduated to the associative phase, which no longer requires the massive intervention of nonprocedural cognitive functions (Beaunieux et al., 2006 .
The pattern of correlations observed in AD patients was radically different. Unlike the controls, the AD patients did not seem to draw on their declarative memory at all during the first procedural learning session. Working memory and verbal intelligence alone seemed to contribute to procedural performance levels throughout the learning process.
Thus, despite the absence of major differences in procedural performances, these data reveal a clear difference in the type of processing applied by each group to perform the procedural task. AD patients seemed to draw massively on their verbal intelligence throughout the learning process and to remain in the cognitive phase right to the very the end of the task. This result indicates that, as expected, AD patients used a compensatory mechanism to attempt to attain the same learning level as the control participants. These data are in accordance with those reported by Schmidtke et al. (1996) for amnesic patients and by Pitel et al. (2007) for alcoholic patients. They suggest that AD patients were still in a problem-solving mode at the end of the learning protocol, and that they implemented higherorder cognitive processes. Like Schmidtke et al. (1996) and Pitel et al. (2007) , we consider that the AD patients' prolonged dependence on intelligence suggests that their transition from the initial, cognitive phase to later phases of cognitive skill acquisition was delayed. This hypothesis was strengthened by the analysis of the contribution of declarative memory to procedural performance levels. Our examination of correlation patterns within the two groups showed that controls made extensive use of declarative memory in the first learning session.
AD patients, on the other hand, displayed massive impairment of declarative memory, which hampered the procedural learning process by preventing the effective correction of errors.
Because they were unable to use their declarative memory to make progress, AD patients had greater difficulty generating the cognitive procedure that had to be automated. Finally, our results emphasize the relevance of errorless learning in promoting cognitive procedural learning in AD. Errorless learning "refers to a learning condition that involves the elimination of errors during the learning process" (Clare & Jones, 2008) . Thus, the main goal of this learning technique is to compensate for the deficits of declarative memory, which is assumed to be in charge of error elimination (Baddeley & Wilson, 1994) .
Most of the studies that have investigated the effect of errorless learning in AD have reported a beneficial effect on semantic learning (Dunn & Clare, 2007; Haslam et al., 2006; Ruis & Kessels, 2005) . To date, Kessels and Hensken (2009) are the only authors to have investigated the effect of errorless learning on procedural learning in AD in a controlled group design.
They reported a beneficial effect of errorless learning on new skill acquisition. In line with this study, our data suggest that massed learning conditions associated with an errorless learning method could be beneficial to patients in the first cognitive procedural learning phase. This learning method could allow them to reach the autonomous phase more quickly and thus benefit from the positive effects of sleep in the consolidation of information in procedural memory over the following nights (Hauptmann et al., 2005; Rauchs et al., 2004; Walker, 2005 
